Abstract. Interferometry in the visible now p r o vides milliarcsecond spatial resolution and thus has been intensely used for studying the circumstellar environment o f e v olved and pre-sequence stars. Up to now, most of the scienti c results were obtained using only the modulus of the visibility as a function of baseline, time or projected baseline (the so-called \super-synthesis" e ect). In this paper we w i l l t r y t o show that even without images, the phase of the visibility is able to put very strong constraints on stellar modeling since it is possible to achieve arsecond measurements using this technique. We will illustrate through two examples from the GI2T interferometer how t h e modulus and the phase of the visibility w ere used to understand the physics of Be disks. We will stress on the importance and the potential of coupling high angular resolution with high spectral resolution for the study of stellar physics. Finally, W e will present a possible study on the phase signatures due to stellar rapid rotation that can be done using the VLTI interferometer.
Introduction
The interferometric information delivered for astrophysical studies is the fringes visibility (V) which is a complex quantity, i . e . V = jV j exp i . In the quasi monochromatic case, the modulus of the complex degree of coherence of the source is equal to the modulus of the normalized spatial Fourier transform of the source's brightness. Thus the visibility modulus can be written as: jV j = jÕ(f)j jÕ (0) Title : will be set by the publisher jV j = I max ; I min I max + I min (1.
2) The phase of the visibility is related to the source photocenter position onto the skyplane (see Figure 1 ). For instance, for a Be star, if you chose the continuum emission as a reference source (which is not really the best reference since the envelope can contribute up to 20% of the total continuum emission, see Stee et al. 1994 ) y ou can nevertheless follow the photocenter displacement as a function of the doppler shift across the H line pro le at di erent epochs. In the (X-) mode, used specially on the GI2T (see next section), the fringes are dispersed by a grating spectrograph in the horizontal direction and it is thus possible to combine high angular resolution ( 1 mas) and medium spectral resolution ( 1 A).
2 Importance of the visibility's phase: two examples from the GI2T interferometer
The GI2T/REGAIN interferometer is a Michelson interferometer with two 1.5m telescopes on a single north-south baseline between 12.0 and 65.0 m located at Caussols (France) (see Mourard et al. 1994a Mourard et al. , 1994b Mourard et al. and 1998 ) for a detailed description of the instrument). This instrument uses the dispersed fringes technique (X-mode) which allows to combine an angular resolution of 1 mas in the visible and a spectral resolution of 1 A. T h us it is possible to study the size of an emitting region at di erent w avelengths but also within a given spectral line, following the modulus and/or the phase of the visibility as a function of wavelength and/or time. Figure 2 as a function of Doppler-shift across H in '93 and '94. As explained before, the relative phase diagram plotted versus Doppler-shift informs, to a rst order, on the angular position of iso-radial velocity regions of the Tau disk with respect to the continuum source. From Figure 2 , it can be seen that for the '93 observations the minimum fringe modulus signal estimated as (0:58 0:13) (middle-left), occurs at the same Dopplershift as the red-maximum emission of H (top-left). The same remark applies to the relative phase (bottom-left) attaining its minimum value around the Dopplershift of +130km.s ;1 . At this Doppler shift they nd a maximum deviation of (44 6) deg from the average phase of continuum fringes. In terms of angular separation, computed from the fringe period /B=5.7 mas, this deviation yields (0:7 0:1) mas to the South of the continuum source. In other words the H emitting region of Tau at RV=130km.s ;1 has a N-S projected position of (3:6 0:5) photospheric radii to the South of the central star. They conclude that these results are compatible with a high density pattern occuring around a radial velocity of +130 kms ;1 and with a north-south projection position of 0.7 mas to the south of the continuum source (i.e at 3.6 R ). For October 94, this density pattern has rotated prograde and occurs at a radial velocity of -70 kms ;1 . I t w as now located at 0.5 mas to the north of the contiuum 4 Title : will be set by the publisher source which corresponds to 2.6 R . These observations were the rst detection of an axi-asymmetric envelope around a Be star that was interpreted as a direct evidence for a prograde one-armed oscillation of its equatorial disk (see Figure 3 f o r a s c hematic representation of Tau H long term variability).
4 Second example of phase as a function of time: "One-armed" oscillations in the Be star Cas
The same kind of study was done by Berio et al. (1999) for the Be star Cas. They have computed the relative phase of the fringe signal between narrow s p e ctral channels across H and its neighbouring continuum for bandwidths of 0:4nm and 3nm on average respectively. They swept the H spectral region from the blue to the red wings by steps of 0:2nm. As for Tau, the relative phase measures the spatial location (projected on the GI2T North-South baseline) of iso-radial velocity regions emitting at a given Doppler-shift with respect to the Cas continuum source. A positive (negative) relative phase indicates a position at the north (south) of the central star. Of course the super-resolution power of crossspectral density method applies as long as the star is partially resolved (Chelli 1995 The shape of relative phase diagrams in gure 4 can directly inform us about the kinematics in the equatorial disk of Cas. For a rotating-expanding envelope with azimuthal symmetry (Stee 1994 ) the phase diagram is strictly an odd function of Doppler shift across H around the Radial Velocity R V=0 km.s ;1 . A n y deviation from such a shape, e.g. position of the zero phase on the Doppler-shift axis or the di erence between the amplitudes of the negative and positive parts of the phase diagram implies asymetrical morphological structures in the equatorial disk of Cas. This is exactly what is witnessed by the phase diagrams of gure 4 for di erent e p o c hs of GI2T observations: whenever V/R<1 the zero value of the relative phase occurs at negative radial velocities whilst for V/R>1 i n ' 8 8 i t occurs at a positive radial velocity.
Telting et al. (1994) h a ve explained the V= Rvariations of Cas as resulting from global one-armed oscillations of its equatorial disc (Okazaki 1991) . Such cyclic oscillations create low and high density precessing regions inside the disk with axially symetrical positions around the central star. According to this picture, the wind particles in the enhanced-density regions approach the observer for epochs where V= R>1, and recede when V= R<1. In order to compute the center of gravity of given iso-radial velocity regions of the disk (i.e. those parts which emit at a same Doppler-shift across H ), they have taken into account t h e perturbations introduced in the density structure patterns. Assuming that these centers of gravity coincide with the photometric centers of emitting regions they can assert that: the photocenters of Cas plus its high density regions are shifted outward the central star.
the photocenters of Cas plus its low density regions are shifted toward the central star.
Naturally the location of these photocenters follow the precession of the density patterns explaining in turn those of the relative phase diagram for the di erent observations. Finally, for di erent epochs of GI2T observations they nd that the zero of the phase diagrams occur at +92 km s ;1 in '88, -99 km s ;1 in '91, -135 km s ;1 in '93 and -38 km s ;1 in '94. On regard of the V/R cyclic variability, these radial velocities and their temporal sequence occurence are consistant with the precession of a low density pattern having precessed in the equatorial disk of Cas.
After Tau, Cas was the second Be star for which i n terferometric observations directly evidence a prograde one-armed oscillations of its equatorial disk (see Figure 6 ). This prograde precesssion agrees with the Okazaki's model (Okazaki 1997 ) of the one-armed (m=1) oscillation con ned by the radiative e e c t . 5 Di erential speckle interferometry: a phase as a function of wavelength study
In the previous section we h a ve studied the phase or photocenter variation as a function of time. It is also possible to study the variation of the phase at a given date but for di erent w avelengths. In Figure 7 we can see the photocenter displacement o f Cas as a function of wavelength in the H emission line. The observations were made at the Russian 6 m telescope (resolution limit 23 mas) in December 1996 using di erential speckle interferometry. The photocenter displacement show in Figure 7 is absolutely incompatible with any axisymetric model of the star enveloppe. Inside the line, the displacement s h o ws a 1 to 2 mas structure with a North-North West privileged direction, corresponding to the direction of maximum enveloppe extension and perpendicular to the polarisation axis (Petrov R. Vassyuk V., Sanchez L. et al. private communication).
6 An interesting study with the VLTI interferometer: Phase signatures due to rapid rotation Fast rotation is expected to a ect stellar shapes, polarizations, temperature, gravity and brightness distribution, etc. Since stellar interferometry is a technique specially sensitive to sky projected shapes and brightness distributions, it allows a The polar (maximum) and equatorial (minimum) e ective temperatures are Tp = 35 000 K and Teq = 25 100 K, respectively. Abscissas (y) and ordinates (z) are normalized by the angular equatorial radius eq. Note that the projected geometrical deformation increases with higher inclinations but the stellar size in the y direction is constant. Since the local radiative surface ux is de ned by F ( ) = T 4 e ( ) this gure gives and idea of the projected brightness changes from pole to equator. direct study of geometrical deformation and gravity darkening induced by rotation (see Figure 8 ). For rotating stars gravity d a r k ening says that the local emitted ux is proportional to the local gravity g, or alternatively, T e / g , where T e is the local e ective surface temperature the gravity darkening coe cient is equal to 0.25 for hot rapidly rotating stars (von Zeipel 1924) . A deeper interferometric study of uniform rapid rotators which includes gravity d a r k ening and geometrical deformation is presented by Domiciano et al. (2002) .
A description of the phase ( ) signatures due to fast stellar rotation is shown by Figure 9 , versus the normalized spatial frequency ( eqB proj -1 e ) where eq is the stellar angular equatorial radius), in the vicinity of the rst minima and second maxima of the visibility curve. Calculations were carried out with di erent combinations of baseline position angle , stellar inclination i and gravity d a r kening coe cient inside a narrow spectral band centered on a continuum region close to the photospheric line HeI6678. The stellar parameters adopted for the calculations are R p = 6 R , T p = 35 000K and log g p = 4 :085 dex () M = 1 6 M ) 10 Title : will be set by the publisher The phases show signi cant di erences between the case = 0, where is either 0 or rad, and the case = 0 :25 where it can take c o n tinuous values between 0 and , except when i = 9 0 or 6 = 0 . That is because we h a ve a n o n centrally symmetric intensity map resulting in phases that vary smoothly between 0 and rad for i 6 = 0 , 9 0 and 6 = 0 . F or resolved stars these phase e ects can be obtained by closure phase measurements (e.g. Young et al. 2000) . For non resolved stars this signature in the fringe's phase could be obtained by photocenter measurements with precisions of the order of as with phase reference techniques such as PRIMA for the VLTI (Delplancke et al. 2000 ).
conclusion
Through these few exemples it is clear that, even without images, the di erential phase technique is a very powerful tool to investigate the shape and the behaviour of astrophysical objects as a function of time or wavelength. The forthcoming VLTI instruments AMBER and MIDI will o er such capabilities and thus will certainly bring new insights into stellar physics.
